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Introduction {#sec1}
============

The oxidation of nonactivated aliphatic C--H bonds is a very powerful reaction because it can transform the inert C--H bond, ubiquitous in organic molecules, into a suitable site for further chemical elaboration.^[@ref1],[@ref2]^ However, it also represents one of the most challenging reactions in modern synthetic organic chemistry because the multitude of aliphatic C--H bonds in a molecule makes site selective oxidation particularly difficult. This is further accentuated because of the high reactivity of the oxidizing species capable of breaking these bonds, often incompatible with chemo- and regioselective transformations. Additional challenges are encountered in enantioselective C--H oxidations.^[@ref3]^ In the first place, reagents that are both chiral and capable of oxygenating aliphatic C--H bonds via mechanisms potentially susceptible to induce enantioselectivity are scarce. In addition, the more facile overoxidation of secondary alcohols with respect to the C--H precursor usually eliminates the chirality. Instead, enantioselective C--H oxidation is common in enzymes, where the combination of subtle interactions in the active site governs substrate orientation, and formation of the oxidizing species is finely triggered. Not surprisingly, examples of enantioselective sp^3^ C--H oxidation with nonenzymatic systems are rare and limited to relatively weak C--H bonds (benzylic, allylic, and adjacent to heteroatom) most commonly with low substrate conversion ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref4]−[@ref18]^ Examples of enantioselective oxidation of nonactivated aliphatic C--H bonds remain exclusive to enzymes.^[@ref19]−[@ref22]^

![Selected Precedents of Asymmetric C--H Oxidation: (a) Ref ([@ref16]) (b) Ref ([@ref7]) (c) Ref ([@ref5]), and (d) Ref ([@ref8])](oc-2016-00368n_0001){#sch1}

Oxidation of nonactivated aliphatic C--H bonds with biologically inspired transition metal catalysts that form high valent metal-oxo species may constitute a promising option to pursue asymmetric C--H oxidation. This class of complexes has been recently applied successfully in asymmetric olefin epoxidation^[@ref23]−[@ref25]^ and *cis*-dihydroxylation,^[@ref26],[@ref27]^ but to date asymmetric C--H bond oxidation has not been described. Most interestingly, these species can hydroxylate C--H bonds with stereospecificity,^[@ref28]−[@ref32]^ and the steric and chiral properties of the first coordination sphere of the metal site have been shown to impact the C--H site selectivity of chiral molecules.^[@ref33],[@ref34]^

Herein we describe the development of chiral manganese complexes with sterically demanding tetradentate aminopyridine ligands that catalyze the regio- and enantioselective oxidation of methylenic groups in monosubstituted cyclohexanes using H~2~O~2~ as oxidant. Oxidation occurs at positions C3 and C4 of the cyclohexane ring, producing a chiral desymmetrization in the former product, with outstanding levels of regioselectivity (\>99:1 for C3 over C4) and enantioselectivity (up to 96% ee) in the reactions of *N*-cyclohexylalkanamides. To the best of our knowledge the current report constitutes the first example of enantioselective oxidation of a nonactivated aliphatic C--H bond by a nonenzymatic system.

Results and Discussion {#sec2}
======================

Chirality at the metal iron complexes bearing tetradentate ligands has been recently shown to exhibit site selectivity in the oxidation of methylenic units of chiral substrates, depending on the chirality of the complex.^[@ref33]^ Therefore, we sought to explore their ability to engage in enantioselective C--H oxidation. Since secondary alcohols are rapidly oxidized by these catalysts to the corresponding achiral ketones,^[@ref34]^ we explored the C--H oxidation of substrates that will result in an asymmetric desymmetrization.^[@ref35]^ Parent manganese complexes have recently shown excellent catalytic activity in related aliphatic C--H oxidation reactions,^[@ref36],[@ref37]^ and consequently, they were also included in the study. In particular chiral iron and manganese tetradentate complexes of general formula \[M(CF~3~SO~3~)~2~(L)\] (L = mcp, and pdp, mcp = *N,N*′-dimethyl *N,N*′-bis(2-pyridylmethyl)-1,2-*trans*-diamino cyclohexane, pdp = *N,N′*-bis(2-pyridylmethyl)-2,2′-bipyrrolidine, [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, complexes **Fe(mcp)**, **Fe(pdp)**, **Mn(mcp)**, and **Mn(pdp)**, respectively)^[@ref32],[@ref33],[@ref38],[@ref39]^ were tested as catalysts in the oxidation of *tert*-butylcyclohexane (**S1**). Results are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} (entries 1--4). Standard conditions involved syringe pump delivery of H~2~O~2~ (3.5 equiv) to an acetonitrile solution of the catalyst (1 mol %) and AcOH (17 equiv) in CH~3~CN at −40 °C during 30 min. For all the catalysts oxidation of **S1** occurs preferentially at C3 over C4 methylene sites to produce the corresponding ketone products (**P1(K**~**3**~**)** and **P1(K**~**4**~**)**, respectively) in moderate to good product yields (31--69%). No products arising from C1 and C2 oxidation, nor from oxidation of the primary *t*-Bu C--H bonds were observed. Products are formed via initial hydrogen atom transfer (HAT) mediated C--H hydroxylation, followed by fast oxidation of the resulting secondary alcohol.^[@ref40]−[@ref42]^ Regioselectivity, quantified on the basis of the normalized product ratio (K~3~/K~4~), is comprised between 2.0 and 2.3, in line with the results of previous studies on the oxidation of **S1** with HAT reagents such as iron and manganese complexes (K~3~/K~4~ = 1.9--2.5),^[@ref41],[@ref43]^ methyl(trifluoromethyl)dioxirane (K~3~/K~4~ = 1.8),^[@ref44]^ and iodanyl radicals (K~3~/K~4~ = 1.4--2.3).^[@ref45],[@ref46]^ Poor enantioselectivities were obtained with these catalysts (\<10% ee, entries 1--4), but when bulky groups like *tris*-(isopropyl)silyl (TIPS) were introduced at position 3 of the pyridine rings in the iron catalysts (entries 5--6), both yield and enantioselectivity increased significantly (70--71% yield, 33 and 15% ee for **Fe(**^**TIPS**^**mcp**) and **Fe(**^**TIPS**^**pdp**), respectively), while retaining regioselectivity (K~3~/K~4~ = 1.6--3.1).

![Diagram of the Iron and Manganese Complexes Studied\
Benzimidazole instead of pyridine.](oc-2016-00368n_0002){#sch2}

###### Oxidation of *tert*-Butylcyclohexane (**S1**) with Different Catalysts

![](oc-2016-00368n_0006){#fx1}

  entry                                cat                           conv (%)[a](#t1fn1){ref-type="table-fn"}   yield (%)[a](#t1fn1){ref-type="table-fn"} K~3~ (K~4~)   K~3~/K~4~[b](#t1fn2){ref-type="table-fn"}   Ee (K~3~) (%)
  ------------------------------------ ----------------------------- ------------------------------------------ ------------------------------------------------------- ------------------------------------------- ---------------
  1[c](#t1fn3){ref-type="table-fn"}    **Fe(mcp)**                   62                                         37 (9)                                                  2.1                                         2
  2[c](#t1fn3){ref-type="table-fn"}    **Fe(pdp)**                   48                                         25 (6)                                                  2.0                                         6
  3                                    **Mn(mcp)**                   46                                         32 (7)                                                  2.3                                         9
  4                                    **Mn(pdp)**                   86                                         56 (13)                                                 2.2                                         3
  5[c](#t1fn3){ref-type="table-fn"}    **Fe(**^**TIPS**^**mcp)**     73                                         61 (10)                                                 3.1                                         33
  6[c](#t1fn3){ref-type="table-fn"}    **Fe(**^**TIPS**^**pdp)**     88                                         53 (17)                                                 1.6                                         15
  7                                    **Mn(**^**Me2N**^**pdp)**     37                                         13 (3)                                                  2.2                                         8
  8                                    **Mn(**^**dMM**^**pdp)**      93                                         50 (11)                                                 2.3                                         8
  9                                    **Mn(**^**BzIm**^**pdp)**     79                                         50 (11)                                                 2.3                                         11
  10                                   **Mn(**^**CF3**^**mcp)**      55                                         22 (5)                                                  2.2                                         2
  11                                   **Mn(**^**TIPS**^**mcp)**     **77**                                     **53 (19)**                                             **1.4**                                     **44**
  12                                   **Mn(**^**TIPS**^**pdp)**     51                                         22 (7)                                                  1.6                                         34
  13[d](#t1fn4){ref-type="table-fn"}   **Mn(**^**TIPS**^**ecp)**     **87**                                     **51 (15)**                                             **1.7**                                     **43**
  14                                   **Mn(**^**TIPS**^**cpcp)**    68                                         32 (12)                                                 1.3                                         32
  15                                   **Mn(**^**TIPS**^**chcp)**    45                                         10 (6)                                                  1.0                                         6
  16                                   **Mn(**^**TIPS**^**tBucp)**   48                                         8 (5)                                                   1.0                                         Rac

Conversions and yields determined from crude reaction mixtures by GC. Ee's determined by GC with chiral stationary phase.

Normalized ratio.

Reaction conditions: Fe catalyst (3 mol %), H~2~O~2~ (2.5 equiv), AcOH (1.5 equiv) in CH~3~CN at 0 °C during 30 min.

**(*****S,S*****)-Mn-(**^**TIPS**^**ecp)** (2 mol %).

Most interestingly, use of the parent manganese complexes **Mn(**^**TIPS**^**mcp**) and **Mn(**^**TIPS**^**pdp**) (entries 11--12, full details on the synthesis and characterization of the complexes are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00368/suppl_file/oc6b00368_si_001.pdf)) led to modest to good product yields but improved levels of enantioselectivity in ketone **P1(K**~**3**~**)** (up to 44% ee). On the other hand, the use of electron-rich manganese catalysts (**Mn(**^**Me2N**^**pdp)** and **Mn(**^**dMM**^**pdp)**), which have been recently shown to lead to high ee's in epoxidation reactions,^[@ref47],[@ref48]^ provided only low ee's (entries 7--8), suggesting that the steric demand imposed by the TIPS group is the basis of the improved enantioselectivity. Further catalyst screening included related manganese complexes where the pyridine rings were replaced by benzylimidazole (BzIm) rings^[@ref49]^ and the use of a 2,6-*bis*-trifluoromethylphenyl substituted mcp ligand^[@ref50]^ (entries 9 and 10, respectively). In all the latter cases (entries 7--10), lower enantioselectivities were obtained as compared to the TIPS based catalysts. Then, different manganese catalysts based on the mcp backbone, but differing in the nature of the *N*-alkyl group (R′ in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}, entries 13--16 in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) were prepared and tested in the model reaction. This study led to the identification of the ethyl substituted catalyst **(*****S,S*****)-Mn(**^**TIPS**^**ecp)**, ecp = *N,N*′-diethyl *N,N*′-bis(2-pyridylmethyl)-1,2-*trans*-diamino cyclohexane, as also particularly efficient in terms of product yield and enantioselectivity (entry 13). For the particular case of **S1**, **(*****S,S*****)-Mn(**^**TIPS**^**ecp)** and **(*****S,S*****)-Mn(**^**TIPS**^**mcp)** provided analogous ee's, but significant improvements in enantioselectivity were observed for other substrates (see below). As expected, the use of the enantiomerically related catalyst **(*****R,R*****)-Mn(**^**TIPS**^**mcp)** provides the oxidation product with comparable ee but with opposite absolute configuration.

The X-ray determined molecular structure of **(*****S,S*****)-Mn(**^**TIPS**^**ecp)** is shown in [Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}. The complex is structurally very similar to the parent **Mn(pdp)**([@ref51]) and the related **Fe(**^**TIPS**^**mcp)** complexes.^[@ref33]^ Bond distances and angles are collected in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00368/suppl_file/oc6b00368_si_001.pdf). The manganese center adopts a C~2~-symmetric *cis*-α topology, with the two pyridines *trans* to each other. The complex exhibits chirality at the metal (Λ and Δ), in turn determined by the chirality of the cyclohexanediamine backbone (*S,S* and *R,R,* respectively). Most interestingly, TIPS groups determine a well-defined chiral clef occupied by the triflate ions, that bind *cis* to each other at the manganese center, *trans* to the two aliphatic amine sites. These sites are labile and are the place where H~2~O~2~ presumably binds and is activated, forming a high valent manganese oxo species responsible for the C--H oxidation reaction.^[@ref30]^ Of notice is also the proximity of the *N*-ethyl groups to the triflate ions, suggesting that these groups can also contribute significantly in defining the structure of the C--H oxidation site.

![Schematic Diagram (Left) and ORTEP Diagram (Right) of the Single-Crystal X-ray Determined Structure of **(*****S***,***S*****)-Mn(**^**TIPS**^**ecp**)\
List of selected distances (Å); Mn--O(4) 2.151(6), Mn--O(1) 2.151(5), Mn--N(4) 2.186(6), Mn--N(1) 2.213(7), Mn--N(2) 2.327(7), Mn--N(3) 2.365(7).](oc-2016-00368n_0003){#sch3}

On the basis of these results, catalyst **Mn(**^**TIPS**^**mcp)** was chosen for the oxidation of a series of monosubstituted cyclohexanes in order to estimate the effect of the substituent on yield, regioselectivity, and enantioselectivity of the reaction ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Consideration of the elements that determine regioselectivity in the oxidation of *tert*-butylcyclohexane (**S1**) serves to provide an understanding of the changes observed upon replacement of the *t*-Bu group for other groups. With **S1**, regioselectivity can be understood by considering the relative reactivity of the C--H bonds of this substrate in HAT reactions. Primary and tertiary C--H bonds of **S1** are not reactive because of the high bond dissociation energy in the former, and of steric and torsional effects in the latter where in particular substrate conformation places this bond in an axial position. Tertiary axial C--H bond deactivation has been recently explained in terms of an increase in torsional strain in the HAT transition state, where planarization of the incipient carbon radical forces the bulky *t*-Bu group toward an unfavorable eclipsed interaction with the equatorial C--H groups on the adjacent positions.^[@ref52],[@ref53]^ Along the same line, oxidation at C2 of **S1** is disfavored because planarization of the incipient carbon radical formed following HAT forces the remaining C--H bond toward an unfavorable eclipsed interaction with the adjacent *t*-Bu group.^[@ref52]^

###### Oxidation of Different Cyclohexane Derivatives
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  entry                                R                      conv (%)[a](#t2fn1){ref-type="table-fn"}   yield (%)[a](#t2fn1){ref-type="table-fn"} K~3~(K~4~)   K~3~/K~4~[b](#t2fn2){ref-type="table-fn"}   Ee (K~3~) (%)
  ------------------------------------ ---------------------- ------------------------------------------ ------------------------------------------------------ ------------------------------------------- ---------------------------------------
  1                                    \-*t*-Bu (**S1**)      77                                         53 (19)                                                1.4                                         44
  2                                    -OPiv (**S2**)         80                                         41 (10)                                                2.0                                         54
  3                                    -Si(Me)~3~ (**S3**)    95                                         42 (13)                                                1.6                                         23
  4[c](#t2fn3){ref-type="table-fn"}    -CO~2~CH~3~ (**S4**)   88                                         47 (20)                                                1.2                                         11
  5                                    -CO~2~H (**S5**)       45                                         20 (11)                                                0.9                                         9[e](#t2fn5){ref-type="table-fn"}
  6[c](#t2fn3){ref-type="table-fn"}    -COCH~3~ (**S6**)      95                                         47 (19)                                                1.2                                         8
  7                                    -NHCOCH~3~ (**S7**)    93                                         74 (3)                                                 12                                          (+)63[f](#t2fn6){ref-type="table-fn"}
  8[c](#t2fn3){ref-type="table-fn"}    -NHCOCH~3~ (**S7**)    94                                         75 (3)                                                 12                                          (−)78
  9                                    -NHCO*t*Bu (**S8**)    **\>99**                                   **90 (1)**                                             **45**                                      **(+)76**
  10[d](#t2fn4){ref-type="table-fn"}   -NHCO*t*Bu (**S8**)    **\>99**                                   **90 (1)**                                             **45**                                      **(−)76**
  11[c](#t2fn3){ref-type="table-fn"}   -NHCO*t*Bu (**S8**)    **\>99**                                   **90 (1)**                                             **45**                                      **(−)85**

Conversions and yields determined from crude reaction mixtures by GC or ^1^H NMR.

Normalized ratio.

**(*****S,S*****)-Mn-(**^**TIPS**^**ecp)** (2 mol %).

**(*****S,S*****)-Mn-(**^**TIPS**^**mcp)**.

Ee's determined after esterification of isolated products.

Absolute configuration was determined on the basis of the crystal structure of the product obtained from **S10** (see [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.6b00368/suppl_file/oc6b00368_si_001.pdf)). Ee's determined by GC with chiral stationary phase.

The results of previous studies on the oxidation of monosubstituted cyclohexanes with methyl(trifluoromethyl)dioxirane have suggested that the K~3~/K~4~ regioselectivity observed in these reactions reflects the electronic effect of the substituent, with C3 oxidation over C4 being favored by electron releasing groups (K~3~/K~4~ = 1.8 for **S1**) and C4 over C3 by electron withdrawing groups (K~3~/K~4~ = 0.3 for trifluoromethylcyclohexane).^[@ref44]^ Along this line, the regioselectivity observed in the oxidation of **S1** catalyzed by **Mn(**^**TIPS**^**mcp)** ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, entry 1: K~3~/K~4~ = 1.4) can be explained accordingly on the basis of the electron donating ability of the *t*-Bu group that activates C3 over C4 toward the electrophilic manganese-oxo species.

When the *t*-Bu group was replaced by a pivalate (cyclohexylpivalate (**S2**), [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, entry 2), comparable product yields and regioselectivity toward C3 (K~3~/K~4~ = 2.0) are observed, and the enantioselectivity increases up to 54% ee. Use of a trimethylsilyl (TMS) substituent as in **S3** provides moderate yields and reduced enantioselectivity (ee = 23%, entry 3). Regioselectivity is not changed significantly with regard to **S1** (K~3~/K~4~ = 1.6 and 1.4, for **S3** and **S1**, respectively), in accordance with the similar electron donating abilities of the two substituents. On the other hand, with cyclohexanes bearing electron withdrawing substituents such as methyl cyclohexanecarboxylate (**S4**), cyclohexane carboxylic acid (**S5**), and cyclohexyl methyl ketone (**S6**) (entries 4--6, respectively), a slight decrease in the normalized K~3~/K~4~ ratio is observed (K~3~/K~4~ between 0.9 and 1.2), still reflecting however the formation of ketone K~3~ as the major product. This observation appears to be, at least to a certain extent, in contrast with the explanation given above, indicating that in addition to electronic effects other factors also contribute in defining regioselectivity. Very remarkably, as compared to **S1** and **S2**, a sharp decrease in enantioselectivity is observed with the latter three substrates (**S4**-**S6**, entries 4--6, ee's between 8 and 11%), indicating that the presence of electron withdrawing substituents can strongly influence the interaction of the substrate with the electrophilic C--H oxidation site.

Most interestingly, in the presence of a strongly Lewis basic amide substituent, as in *N*-cyclohexylacetamide (**S7**), the reaction proceeds with excellent yield, strongly improved regioselectivity toward C3 (K~3~/K~4~ = 12), and good enantioselectivity (63% ee, entry 7). Furthermore, an exquisite regioselectivity (K~3~/K~4~ = 45) and very good enantioselectivity (76% ee) are observed on moving to an amide substrate characterized by a bulky acyl moiety such as *N*-cyclohexylpivalamide (**S8**, entry 9).

These results point toward a strong interaction of these substrates with the manganese-oxo species, where substrate Lewis basicity and the presence of a bulky aliphatic group both appear to play a key role in providing an optimal substrate orientation for regioselective and enantioselective C--H oxidation. Most interestingly, with **S7** and **S8** enantioselectivity could be further improved to 78 and 85% ee, respectively, while retaining the excellent yield and regioselectivity, by using **(*****S***,***S*****)-Mn(**^**TIPS**^**ecp)** as catalyst, where the *N*-methyl groups of the cyclohexanediamine backbone have been replaced by ethyl groups (entries 8 and 11).

The highly regioselective oxidation of **S8** requires further consideration. It is well established that in the reaction of cyclohexyl amine with electrophilic HAT reagents such as oxygen centered radicals, reaction occurs selectively from the strongly activated α-C-H bond.^[@ref54]^ Transformation of the NH~2~ group into a bulky amide moiety reduces the extent of activation at C1, increasing in the same time the importance of the conformation that places the tertiary C--H bond in an axial position, thus deactivating both C1 and C2 toward oxidation (see above), providing a highly efficient method for site-selective functionalization at a nonactivated methylene position.

Carboxylic acids have been recently shown to strongly impact the stereoselectivity of Mn and Fe catalyzed epoxidation reactions with related catalysts.^[@ref47],[@ref51],[@ref55]^ These acids bind to the metal center, *cis* to the site where H~2~O~2~ is activated, and contribute in defining the active site.^[@ref30],[@ref48]^ Thus, their assistance was explored in the current C--H oxidation reactions. Using **(*****R,R*****)-Mn(**^**TIPS**^**mcp)** as catalyst and amide **S8** as substrate, the effect of different alkanoic acids is shown in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. Almost exclusive formation of ketone K~3~ was observed, with the yield of ketone K~4~ being in all cases \<1%. With the exclusion of 2-chloroethanoic acid (entry 6), cyclohexanecarboxylic acid (**S5**, entry 10) and carboxylic acids containing relatively long and branched alkyl chains such as 4-methylpentanoic and 2-ethylhexanoic acid (entries 11 and 12), comparable ee's comprised between 73 and 82% were obtained for all the acids investigated. The significantly lower enantioselectivity observed with 2-chloroethanoic acid (55% ee, entry 6) reasonably reflects the electron withdrawing character of the chlorine substituent that makes this acid less prone to bind to the manganese center. The lack of or marginal conversion obtained with the latter three acids can be explained in terms of a favorable competition with the amide substrate for the oxidizing species, as specifically shown above for the case of cyclohexanecarboxylic acid (**S5**) ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, entry 5) that is efficiently oxidized under these experimental conditions,^[@ref56]^ clearly indicating that in order to obtain highly enantioselective C--H oxidations easily oxidizable carboxylic acids must be avoided. A chiral carboxylic acid was also studied with the aim to explore matching--mismatching effects between the chiralities of catalyst and carboxylic acid. The combination of **(*****R,R*****)-Mn(**^**TIPS**^**mcp)** and **(*****S,S*****)-Mn(**^**TIPS**^**mcp)** with (*S*)-(+)-2-methylbutanoic acid provided virtually identical enantioselectivities but reduced product yields (entries 15--16).

###### C--H Oxidation Reactions Using Different Carboxylic Acids and *N*-Cyclohexylpivalamide (**S8**)
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Conversions and yields (in parentheses) determined by GC.

**(*****S,S*****)-Mn(**^**TIPS**^**ecp)** (2 mol %).

**(*****S,S*****)-Mn(**^**TIPS**^**mcp)**. Ee's determined by chiral GC.

Interestingly, as shown for the oxidatively robust acetic, propanoic, and cycloproanecarboxylic acids (entries 2, 5, and 14, respectively), by using **(*****S***,***S*****)-Mn(**^**TIPS**^**ecp)** as catalyst a substantial increase in enantioselectivity was obtained (85--90% ee) while retaining the excellent yield and regioselectivity, with the rigid cyclopropanecarboxylic acid that provides the highest ee of the series (entry 14, 90% yield, 90% ee). Structural rigidity and stability toward oxidation make this acid particularly suitable to combine with the highly structured and sterically demanding, while oxidatively resistant, site of the **Mn(**^**TIPS**^**ecp)** catalyst in order to create an outstandingly robust site capable of promoting a highly enantioselective oxidation of the strong aliphatic C--H bond of a nonactivated methylene group.

The role of the structure and electronic properties of the amide substrate on the regio- and enantioselectivity of the reaction was then explored under optimized conditions, using **(*****S,S*****)-Mn(**^**TIPS**^**ecp)** as the catalyst and cyclopropanecarboxylic or acetic acid (17 equiv) as the acids of choice ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}). Secondary amides that present aliphatic acyl groups show in the most of cases high isolated yields, from good to excellent regioselectivities for oxidation at C3 and excellent ee's (up to 96% ee, entry 5). It is possible to notice that the systematic increase in steric hindrance of the acyl group, when going from acetyl to 2-methylpropanoyl and 2,2-dimethylpropanoyl (entries 1--3), results in an increase in the enantioselectivity, which remains very high (\>90% ee) as long as this group contains sterically demanding alkyl moieties (entries 3--9). A truly remarkable behavior is displayed by *N*-cyclohexyl-2,2-dimethylbutanamide (**S10**, entry 4), which combines high isolated yield (85% for product K~3~), excellent regioselectivity (K~3~/K~4~ = 43), and enantioselectivity (94% ee). Low yield was obtained only in the case of **S12** (entry 6), suggesting that for this substrate the exceedingly high steric bulk of the acyl moiety prevents efficient oxidation. The use of an amide substrate that bears a chiral center (**S14**, entry 8) does not lead to any improvement in enantioselectivity; however the ee's obtained with both **(*****S,S*****)-Mn(**^**TIPS**^**ecp)** and **(*****R,R*****)-Mn(**^**TIPS**^**ecp)** are excellent (91% and 86% ee, respectively). A remarkable demonstration of the important role played by electronic and steric effects in determining an optimal substrate orientation for highly regio and enantioselective C--H oxidation is provided by *N*-cyclohexylcyclohexanecarboxamide (**S15**, entry 9). Oxidation of this substrate occurs selectively at the *N*-cyclohexyl ring with excellent isolated yield (75%), exquisite regioselectivity (K~3~/K~4~ = 38), and very high enantioselectivity (91% ee).

###### Impact of the Structure of the Acyl Moiety in Regio- and Enantioselective C--H Oxidation of *N*-Cyclohexyl Amides with **(*****S,S*****)-Mn(**^**TIPS**^**ecp)** as Catalyst
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Normalized ratio.

K~4~ yields determined by GC.

Recovered starting material = 78%.

**(*****R,R*****)-Mn(**^**TIPS**^**ecp)**.

Acetic acid (17 equiv) instead of cyclopropanecarboxylic acid.

Yield determined by GC.

Products isolated as mixture of (K~3~ + K~4~).

Ee not determined. Ee's determined by chiral GC and HPLC.

Increasing the electron withdrawing ability of the R group (**S16**-**S19**, entries 10--13) progressively decreases the K~3~/K~4~ ratio due to deactivation of proximal positions (C3) as compared to remote ones (C4), with the lowest regioselectivities for oxidation at C3 (K~3~/K~4~ = 0.6) being observed with *N*-cyclohexylphthalimide (**S18**) and *N*-cyclohexyltetrafluorophthalimide (**S19**) (K~3~/K~4~ = 0.8 and 0.6, respectively). These findings are in full agreement with the results of recent studies on the HAT-based aliphatic C--H halogenation of pentyl derivatives, where, among different electron withdrawing substituents, the phthalimido one provided the highest selectivity for the most remote methylene group.^[@ref57],[@ref58]^ Decreased levels of enantioselectivity are also observed with these substrates (ee's between 62 and 68%), in line with the discussion outlined above on the role played by substrate Lewis basicity on the C--H oxidation enantioselectivity.

Finally, under the optimized conditions, *N*-cyclohexyl amides bearing methyl substituents on the cyclohexane ring were evaluated ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}). *N*-(4,4-Dimethylcyclohexyl)pivalamide **S20** was oxidized with excellent regioselectivity and 76% ee, while blocking positions 3 and 5 with methyl groups (*N*-(3,3,5,5-tetramethylcyclohexyl)pivalamide, **S22**) results in an inert substrate under the experimental conditions. Oxidation of a racemic mixture of *N*-(3,3-dimethylcyclohexyl)pivalamide **S21** results in a chiral resolution, providing the ketone K~3~ in 39% isolated yield and 55% ee, while the starting amide is enantiomerically enriched to a moderate extent (38% ee). Under optimized conditions *tert*-butylcyclohexane (**S1**) and cyclohexyl pivalate (**S2**) were also oxidized in good yields and with remarkable ee's (64 and 61% ee, respectively). The results obtained in the oxidation of **S1** are particularly interesting because this substrate is characterized by a simple cycloalkane skeleton devoid of any functionality, and the relatively high enantioselectivity must be mostly based on sterics.

![(a) **(*****R,R*****)-Mn-(**^**TIPS**^**mcp)** and acetic acid. (b) **(*****S,S*****)-Mn(**^**TIPS**^**ecp)** and acetic acid. (c) **(*****R,R*****)-Mn-(**^**TIPS**^**mcp)** and cyclopropanecarboxylic acid. (d) Sum of K~3~ + K~4~. Isolated yields.](oc-2016-00368n_0004){#sch4}

The significance of the levels of regio- and enantioselectivity exhibited in the current reactions must be considered in context. Cyclohexane scaffolds have been used as model substrates in studies aimed at clarifying the factors that govern selectivity in C--H oxidation. Trends in regioselectivity related to those observed for the current Mn-catalyzed oxidations, entailing preferential oxidation at C3 and C4 have been observed in the oxidation of **S1** with hypervalent iodine reagents,^[@ref45],[@ref46]^ dioxiranes,^[@ref44]^ alkoxyl radicals,^[@ref52]^ and iron and manganese catalysts.^[@ref41],[@ref43]^ However, the outstanding directing role of the amide moiety is unprecedented and provides an excellent tool to consider in governing site-selectivity in C--H oxidation.

The levels of enantioselectivity observed in the current reactions deserve special discussion. To the best of our knowledge, the reactions described herein represent the first example of an enantioselective C--H oxidation of a nonactivated C--H bond carried out by a nonenzymatic system. Indeed, the current reactions are focused on methylenic sites, that, as compared to tertiary sites, are characterized by significantly stronger C--H bonds, and for which viable oxidants are limited. Previous chiral oxidations of a cyclohexane moiety have been described only after systematic mutations of a P450 enzyme,^[@ref21]^ where enantioselective hydroxylation at C2 was obtained.

The origin of the enantioselective discrimination in the current reactions also deserves a comment. Enantioselectivity can originate from the transfer of a hydroxyl ligand belonging to a chiral Mn--OH complex to a long-lived and planar carbon centered radical ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}A) or from the initial C--H cleaving step by a chiral metal-oxo species ([Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}B). The high reactivity of alkyl radicals seems a priori incompatible with their use as radical relays, in a similar way as done in recent benzylic C--H functionalization reactions.^[@ref17]^ More definitively, however, this latter mechanism is incompatible with the desymmetrization reactions described herein. In the current reactions enantioselectivity must be necessarily introduced in the C--H lysis step, which has been previously established to entail HAT from the aliphatic C--H bond to a high valent manganese-oxo species Mn^V^(O) (carboxylate) moiety, followed by a fast hydroxyl rebound toward the incipient carbon centered radical.^[@ref30]^ Therefore, the current reactions capture the mechanistic essence of stereoselective aliphatic C--H oxidation reactions taking place at P450 cpdI.^[@ref59]^ Careful design of the chiral Mn^V^(O) (carboxylate) site is necessary for reaching good product yields and high levels of stereoselection in the oxidation of these strong C--H bonds. This is achieved by embedding the manganese center in a chiral robust cavity defined by bulky TIPS groups of the ligand and the assistance of an oxidatively robust carboxylic acid. In this scenario, it must be recognized that the extraordinary role of the basic amide moiety in dictating regio- and enantioselectivity is not completely understood. The most obvious binding of the Lewis basic carbonyl moiety to the Mn^V^(O) (carboxylate) site will require the unlikely formation of a seven coordinate manganese species. Other possibilities to consider may be the presence of a partially protonated oxo or carboxylate ligand, introducing an acidic site susceptible to engage in H-bonding with the incoming amide substrate. Precedents for a basic high valent iron-oxo species exist for chloroperoxidase.^[@ref60]^ Elucidation of these possibilities will require a more precise understanding of the nature of the active species, maybe only possible via computational methods. On the other hand, it must be noticed that the current reactions entail breakage of strong C--H bonds, but they occur at low temperature in a remarkably efficient manner. This implies that the active species must be extraordinarily reactive, and activation barriers for the reactions must be small. Introduction of stereoselectivity in these conditions is particularly challenging, and therefore it is not surprising that ee's appear to be quite sensitive to small changes in the nature of the catalyst, carboxylic acid, and substrate. Particular optimizations may be necessary. Indeed, we notice that structural specificity in stereoselective aliphatic C--H oxidation is a common feature of enzymatic systems and may be a fundamental drawback of this type of reaction.

![Description of the Possible Mechanisms at the Origin of the Enantioselectivity](oc-2016-00368n_0005){#sch5}

Conclusions {#sec3}
===========

The present work describes unique examples of regio- and enantioselective oxidation of nonactivated aliphatic C--H bonds with small molecule manganese catalysts using hydrogen peroxide as the oxidant. A chiral sterically demanding and oxidatively robust active center can be built via careful tuning of the manganese ligands. These results represent the first examples of highly enantioselective nonenzymatic oxidation of nonactivated methylenic sites. The principles of catalyst design disclosed in this work constitute a very solid platform for further development of stereoselective C--H oxidation reactions in terms of substrate scope, but we also envision their straightforward application to other asymmetric oxygen atom transfer reactions (to olefins, amines, or sulfides, for example). Not less important, the current oxidation reactions are based on the use of an abundant first row transition metal and hydrogen peroxide as the oxidant. Therefore, they are also particularly interesting from a sustainable perspective.
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